The influences of fuel Lewis number Le F (ranging from 0.8 to 1.2) on localised forced ignition and early stages of combustion of stoichiometric and fuel-lean homogeneous mixtures have been analysed using simple chemistry threedimensional compressible direct numerical simulations for different values of root-mean-square velocity fluctuation and the energy deposition characteristics (i.e. characteristic width and the duration of energy deposition by the ignitor). The localised forced ignition is modelled using a source term in the energy transport equation, which deposits energy in a Gaussian manner from the centre of the ignitor over a stipulated period of time. The fuel Lewis number Le F has been found to have significant influences on the extent of burning of stoichiometric and fuel-lean homogeneous mixtures. It has been shown that the width of ignition energy deposition and the duration over which the ignition energy is deposited have significant influences on the success of ignition and subsequent flame propagation. An increase in the width of ignition energy deposition and the duration of energy deposition for a given amount of ignition energy have been found to have detrimental effects on the ignition event, which may ultimately lead to misfire. For a given value of u 0 (Le F ), the rate of heat transfer from the hot gas kernel increases with increasing Le F u 0 ð Þ, which in turn leads to a reduction in the extent of overall burning for both stoichiometric and fuel-lean homogeneous mixtures but the detrimental effects of high values of u 0 on localised forced ignition are particularly prevalent for fuel-lean mixtures. Detailed physical explanations have been provided for the observed Le F , u 0 and energy deposition characteristics effects.
Introduction
Localised forced ignition (e.g. spark or laser) of homogeneous mixtures plays a pivotal role in the design and smooth functioning of efficient and reliable spark ignition and direct injection engines. In recent times, direct numerical simulation (DNS) has become an important tool for fundamental understanding and subsequent modelling of complex combustion phenomena including localised forced ignition of homogeneous and inhomogeneous gaseous [22] [23] [24] [25] [26] and droplet-laden [27] [28] [29] [30] [31] mixtures. An extensive review on this subject can be obtained from the review paper by Mastorakos. 32 However, relatively few studies concentrated on localised forced ignition of homogeneous mixtures with non-unity fuel Lewis number (i.e. Le F 6 ¼ 1:0). [1] [2] [3] 7, 23 An extensive review of the experimental evaluation of the minimum ignition energy (MIE), optimum energy deposition time for homogeneous mixtures can be found in Lefebvre, 3 which indicated that the spark kernel needs to exceed a critical dimension in order to ensure the survival of the resulting flame kernel. The experimental analyses on the ignition of flowing mixtures involving fuel droplets and air suggest that the high temperature kernel is obtained as a result of input ignition energy, but also due to heat release by combustion. 3 The adverse effects of turbulent velocity fluctuation on ignition and early stages of flame propagation in homogeneous mixtures were reported and analysed from various viewpoints. 3, 11, 16, [19] [20] [21] Recently, Patel and Chakraborty 21 analysed the effects of energy deposition on ignition of homogeneous mixtures and reported that an increase in energy deposition width (duration of energy deposition) for given input ignition energy has detrimental effects on the extent of burning and these effects are critical for ignition of the fuel-lean mixtures.
A number of previous analyses [1] [2] [3] 7, 24 have demonstrated that the Lewis number of the fuel (Le F ) has significant influences on localised forced ignition of both homogeneous and inhomogeneous gaseous mixtures. The Lewis number of species i is defined as the ratio of its thermal diffusivity to mass diffusivity (i.e. Le i ¼ i =D i ), and this non-dimensional number signifies the differential diffusion of heat and mass. It has been reported that the MIE for homogeneous mixtures is affected by the differential diffusion. [1] [2] [3] Analytical study by Sibulkin and Siskind 1 demonstrated that MIE for quiescent homogeneous mixtures decreases with increasing D i for a given value of thermal diffusivity (i.e. decreasing global Lewis number). He 7 analytically demonstrated that the localised ignition of quiescent homogeneous mixtures with global Lewis number Le F 4 1:0 can be unstable. Moreover, Chakraborty et al. 24 demonstrated that it is easier to ignite mixing layers and obtain self-sustained combustion for small values of fuel Lewis number Le F and this tendency is particularly prevalent for cases with Le F 5 1:0.
From the above discussion it becomes evident that Le F is also likely to play key roles on the localised forced ignition of homogeneous mixtures but these effects coupled with energy deposition characteristics in localised forced ignition are yet to be analysed in detail using DNS. In the present study, threedimensional compressible DNS simulations have been carried out in order to investigate the influences of Le F and energy deposition characteristics on the localised forced ignition homogeneous stoichiometric and fuellean mixtures for different values of root-mean-square (rms) value of turbulence velocity u 0 . The main objectives of the present study are as follows:
. to understand the influences of fuel Lewis number Le F on the possibility of obtaining successful ignition and sustainability of the combustion following successful ignition; . to demonstrate the effects of ignition energy width distribution, ignition energy deposition duration, ignition energy on early stages of flame propagation for both stoichiometric and fuel-lean homogeneous mixtures for different values of u 0 and Le F ; . to provide physical explanations for the observed influences of Le F , u 0 and energy deposition characteristics on the extent of burning following successful ignition of both stoichiometric and fuel-lean homogeneous mixtures.
The rest of the paper is organised as follows. The mathematical background and numerical implementation relevant to the current analysis will be presented in the next section. Following this, results will be presented and subsequently discussed. The main findings will be summarised and conclusions will be drawn in the final section of this paper.
Mathematical background and numerical implementation
Three-dimensional detailed chemistry DNS simulations still remain extremely expensive 33 for a detailed parametric analysis, as carried out in this study. Thus, the chemical mechanism is simplified here by a single-step chemical reaction as:
ÞProducts, where s is the mass of oxidiser consumed per unit mass of fuel consumption. The fuel consumption rate is given by an Arrhenius-type expression
where , Y F and Y O are the gas density, fuel and oxidiser mass fractions, respectively, and Â is the nondimensional temperature defined as:
is the instantaneous dimensional temperature, T 0 is the initial reactant temperature, T ad ð Þ is the adiabatic flame temperature for a mixture with equivalence ratio , additionally is the Zel'dovich number
is the normalised pre-exponential factor B ? ¼ Bexp À= ð Þ with E ac , R 0 and B being the activation energy, universal gas constant and the pre-exponential factor respectively. The combustion is assumed to take place in ideal gaseous phase, which allows for following state relations
where T ref is the reference temperature, E is the stagnation internal energy, P is the pressure and " R is the gas constant. Under above assumptions, the energy conservation equation takes the following form
where ki is the viscous shear stress, and _ w T is the source term originating from heat release due to combustion. The source term q 000 accounts for heat addition by the ignitor over the energy deposition period and assumes to follow a Gaussian distribution in the radial direction from the centre of the ignitor 4, 5, [21] [22] [23] [24] [25] [26] [28] [29] [30] [31] [34] [35] [36] [37] 
where r is the radian distance from the ignitor centre and R is a characteristic radius of the ignition kernel. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The constant A q in equation (4) is determined using volume integration _ Q ¼ R V q 000 dV, where _ Q is the ignition power, which is given by [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 
where a sp is a parameter determining the total ignition energy input,
Þ is the Zel'dovich flame thickness with T being the thermal diffusivity of the unburned gas and S b ¼1 ð Þ is the unstrained laminar burning velocity of the stoichiometric mixture. In equa-
is the heat release parameter, which is taken to be 3.0 here (i.e. ¼ 3:0) following previous analyses. [21] [22] [23] [24] [25] [26] [27] 30, 31 The Heaviside functions H(t) and H t À t sp À Á in equation (5) ensure that the ignitor remains operational over a time span t sp , which is the ignition duration and is expressed as: 
of longitudinal integral length scale to flame thickness is taken to be L 11 =l f ¼ 3:36 for all turbulent cases considered here following several previous analyses. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] For all cases, the Lewis number of oxidiser is taken to be unity (i.e. Le O ¼ 1:0). The case names in Table 1 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] where the conservation equations of mass, momentum, energy and the mass fractions of fuel and oxidiser for compressible reacting flows are solved in dimensionless form. All the first-and second-order derivatives are evaluated using a 10th-order central difference scheme for the internal grid points. The order of differentiation gradually drops to a second-order one-sided finite difference scheme at the non-periodic boundaries. The boundaries in the x 1 direction are taken to be partially non-reflecting whereas the other directions are considered to be periodic. The boundary conditions for the non-reflecting boundaries are specified using the Navier-Stokes characteristics boundary conditions technique. 39 The time advancement is carried out using an explicit low storage third-order Runge-Kutta scheme. 40 The initial turbulent velocity field is generated by a pseudo-spectral method 41 using the Batchelor-Towsend spectrum. 42 The simulation domain is taken to be a cube of the size 33l f Â 33l f Â 33l f and the simulation domain is discretised by a Cartesian grid of size 200 Â 200 Â 200 with uniform grid spacing Áx. For all the simulation, the grid spacing Áx is smaller than Kolmogorov length scale . The grid spacing is determined by the resolution of the flame structure. In all the cases about 10 grid points are placed within the thermal flame thickness of the stoichiometric unstrained laminar flame th ¼
The simulations in this analysis take place under decaying turbulence, which necessitates a simulation time t sim ! max t e , t f À Á , where t e ¼ L 11 = ffiffiffiffi ffi k 0 p is the initial eddy turn over time where k 0 is the initial turbulent kinetic energy. Statistics for all cases are presented at t ¼ 8:40t sp ¼ 1:68t f , which corresponds to about 2t e and 3t e for initial values of
0, respectively, and these simulation times remain either comparable to or greater than the simulation duration in several previous analyses on turbulent combustion in the existing literature. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 43, 44 Results and discussion Temporal evolution of maximum non-dimensional temperature
The temporal evolution of the maximum values of nondimensional temperature (i.e. T max ) for all cases listed in Table 1 is shown in Figures 1 and 2 for the stoichiometric (i.e. ¼ 1:0) and fuel-lean (i.e. ¼ 0:8) mixtures, respectively, where the non-dimensional temperature is defined as
Figures 1 and 2 demonstrate that T max rises with time due to energy deposition during 0 t t sp and thermal runaway takes place when T max attains a value close to T c % 1 À 1= and at this point T max increases rapidly with time.
Once the energy deposition is switched off (i.e. t ! t sp ), the thermal gradient between the hot gas kernel and the surrounding unburned gas gives rise to high rate of heat transfer from the hot gas kernel. This, in turn, leads to a decrease in T max with time immediately after t ¼ t sp but T max approaches the nondimensional adiabatic flame temperature (i.e. T % 1:0) at t ) t sp for the cases where the self-sustained combustion is obtained. Figure 1 demonstrates that self-sustained combustion has achieved following successful ignition for all the stoichiometric cases with Le F ¼ 0:8 except for the cases with R ¼ 1:41l f , a sp ¼ 3. Table 1 with ¼ 0:8 for initial Table 1 with
cases Le08ST6A, Le08LT6A, Le08ST6B, Le08LT6B, Le10ST6D, Le10LT6D, Le12ST0B, Le12LT0B) as the rate of chemical reaction is smaller in the ¼ 0:8 cases than in the ¼ 1:0 cases. The fuel-lean cases with R ¼ 1:41l f show misfire for a sp ¼ 3.5 and b sp ¼ 0.2. All the Le F ¼ 1:2 cases listed in Table 1 ultimately give rise to flame extinction even for the cases with successful ignition. The turbulent Le F ¼ 1:0 fuel-lean cases with R ¼ 0:93l f and R ¼ 1:10l f fail to sustain combustion at t ) t sp and self-sustained combustion is obtained for the quiescent fuel-lean cases except for R ¼ 1:10l f , a sp ¼ 2. An increase in R for a given set of values of a sp and b sp deposits the same amount of energy over a larger volume (and mass) of gas and thus the probability of finding high temperature zone decreases with increasing R. As a result of this, the hot gas kernel assumes small size for high values of R and high surface-to-volume ratio of small kernels makes them more prone to flame extinction due to higher heat transfer rate than the rate of chemical heat release. This is consistent with the observation from Figure 1 that the cases with R ¼ 1:10l f are more prone to flame extinction than for R ¼ 0:93l f and misfire takes place for R ¼ 1:41l f . An increase in b sp (and t sp ) for a given set of values of a sp and R decreases the ignition power and thus increases (decreases) the probability of finding small hot gas kernels (high temperature zones), and thus flame extinction at t 4 t sp and misfires are more likely for large values of t sp as evident from Figure 1 for cases with b sp ¼ 0.3. Additionally, Figure 1 shows that cases a sp ¼ 2.7 are more prone to failure than the cases with a sp ¼ 3.5 and a sp ¼ 4.3, which is consistent with the expectation that the probability of obtaining successful ignition and self-sustained combustion increases with increasing ignition energy for a given set of values of R and b sp . The aforementioned effects of R, a sp and b sp on localised forced ignition are consistent with recent findings by the present authors. 21 Furthermore, Figure 1 demonstrates that the possibility of obtaining self-sustained combustion increases with decreasing Le F (compare the cases Le08ST4G, Le10ST4G and Le12ST4G in Figure 1 ). The fuel diffuses into the reaction zone at a higher rate than the rate of heat conduction out of the reaction layer for the cases with Le F 5 1:0. This gives rise to simultaneous presence of high fuel concentration and high temperature in the Le F ¼ 0:8 cases, which increases the rate of heat release and flame propagation, and thus improves the chance of obtaining self-sustained combustion following successful ignition. By contrast, in the Le F ¼ 1:2 cases heat diffuses at a faster rate from the reaction zone than the rate at which the fuel diffuses into it and thus the rate of heat transfer is more likely to dominate over the chemical heat release rate in these cases and the flame eventually extinguishes when the heat transfer from the hot gas kernel overcomes the heat release rate (see cases Le12ST6A, Le12ST6B, Le12ST4D, Le12ST6D, Le12ST6E, etc. in Figure 1 ). The difficulty in igniting homogeneous mixture with Le F is consistent with previous analytical findings. 7, 23 Spatial distribution of fuel-mass fraction Y F ð Þ, non-dimensional temperature (T), reaction rate magnitude
The distribution of fuel mass fraction (i.e. Y F ), nondimensional temperature (i.e. T) and the magnitude of fuel consumption rate (i.e.
Þ ) for cases Le08ST4B, Le10ST4B and Le12ST4B at the central x 1 À x 2 plane are shown in Figure 3 at times t ¼ 0:2t f and t ¼ 1:68t f in order to demonstrate the effects of Le F . It is important to note that the temperature contours remain spherical during the period of energy deposition but they become increasingly distorted as time progresses. The evolution of temperature field for t t sp is principally determined by the diffusion of deposited energy, whereas after ignition, the evolution of temperature field depends on the local reaction-diffusion balance, which is affected by local flame stretching mechanism. Additionally, Figure 3 shows that the fuel mass fraction Y F is depleted at the zones associated with high values of T due to consumption of fuel as a result of chemical reaction. A comparison between different Le F cases reveals that the volume of high temperature region and the extent of flame wrinkling decrease with increasing Le F . For the cases with Le F 5 1:0, fuel diffuses faster into the reaction zone than the rate at which heat of conducted out, whereas the opposite mechanism remains prevalent for the Le F 4 1:0 cases. As a result of this, simultaneous presence of high (low) concentration of fuel and high (low) temperature leads to higher (smaller) rate of burning and greater extent of flame wrinkling in the Le F 5 1:0 Le F 4 1:0 ð Þcases than in the corresponding Le F ¼ 1:0 cases.
The extent of the completion of chemical reaction can be quantified in terms of reaction progress variable c, which can be defined as
where Y Fu and Y Fb are the fuel mass fractions in the unburned gas and fully burned gas, respectively. Both Y Fu and Y Fb are functions of equivalence ratio , and the reaction progress variable c rises monotonically from 0 to 1.0 from unburned gases to the fully burned gases irrespective of the value of .
Temporal evolution of the burned gas mass (M b )
The extent of burning can be characterised by the burned gas mass m b with c ! 0:9. [21] [22] [23] [24] [25] [26] The temporal evolution of the burned gas mass normalised by the mass of unburned gas with a radius equal to l f (i.e. 
Þwhich acts to increase the heat transfer rate from the hot gas kernel. However, an increase in u 0 =S b ¼1 ð Þ also increases the extent of flame wrinkling, which acts to increase the overall burning rate in turbulent flames. The heat release due to combustion must overcome the heat loss in order to have the growth of the hot gas kernel and self-sustained flame propagation following successful ignition.
The augmentation of heat transfer rate due to turbulence overcomes the enhancement of burning rate in the Table 1 with
flame surface area is particularly strong in the turbulent Le F ¼ 0:8 cases with ¼ 1:0 due to the high rate of flame propagation and burning rate as a result of the combination of strong focusing of fuel and weak defocusing of conductive heat fluxes for the flame surfaces which are convex towards the reactants and the probability of finding the flame elements which are convex towards the reactants is high in this configuration as the flames are initiated as spherical kernels. The higher extent of flame area generation and burning rate for turbulent Le F ¼ 0:8 cases with ¼ 1:0 eclipses the enhanced heat transfer rate from the hot gas kernel, which, in turn, gives rise to an increase in m b c ! 0:9 ð Þ with increasing u 0 =S b ¼1 ð Þ (see Figure 4 for case Le08ST4A, Le08ST6A, Le08ST4B, Le08ST4G, Le08ST6G, Le08ST4H). The presence of high fuel concentration in the high temperature reaction zone in the Le F ¼ 0:8 cases gives rise to higher extent of burning than the corresponding Le F ¼ 1:0 cases. By contrast, heat diffuses faster than the rate at which fuel diffuses into the reaction zone in the cases with Le F ¼ 1:2 and thus a combination of fuel depletion due to slow diffusion and low temperature due to high thermal diffusion rate in these cases gives rise to smaller extent of burning than the corresponding Le Furthermore, Figures 4 and 5 show that the cases with R ¼ 1:41l f fail to ignite irrespective of the value of Le F , whereas a reduction in R gives rise to successful ignition and increases the burning rate (this effect is stronger for Le F ¼ 0:8 cases). An increase in R for a given set values of b sp and a sp leads to deposition of energy over a larger volume of gas, which leads to reduction in the probability of finding high temperature to support chemical reaction. This in turn reduces the overall rate of fuel consumption and heat release within the flame kernel for high values of R, and flame eventually extinguishes when the heat transfer from hot gas kernel overcomes the chemical release. 
Ignition and self-sustained combustion for fuel-lean mixtures
The turbulent fuel-lean cases shown in Figure 5 do not exhibit self-sustained combustion but it is possible to obtain self-sustained combustion for turbulent fuellean cases for judicious choice of R, b sp and a sp . In order to demonstrate this, the cases summarised in Table 2 have been considered. The temporal evolutions of T max and M b for cases listed in Table 2 are shown in Figures 6 and 7 , respectively. It can be seen from Figure 6 that T max settles to the adiabatic flame temperature (i.e. T % 1:0) for t ) t sp for all cases, except for the fuel lean 
for the combination of a sp ¼ 5.5 and R ¼ 1:10l f (e.g. Le12LT4M and Le12LT6M cases). However, successful self-sustained combustion has been obtained for same level of u 0 =S b ¼1 ð Þ for stoichiometric mixtures (see cases Le10ST6N, Le12ST4M, Le12ST6M and Le12ST6N in Figure 6 ). Although T max approaches to adiabatic flame temperature for t ) t sp for some cases (e.g. Le08LT6M, Le10LT4M, Le12LT4M for the combination of a sp ¼ 5.5 and R ¼ 1:10l f ) the normalised burned gas mass M b decreases with time suggesting that these cases may eventually extinguish with time. Furthermore, Figure 7 shows that the choice of R ¼ 1:55l f and a sp ¼ 13.0 yields successful self-sustained combustion following ignition for all the stoichiometric cases for all values of u 0 =S b ¼1 ð Þ irrespective of the value of Le F considered here. However, the normalised burned gas mass M b continues to increase with time for fuel-lean Le10LT0N, Le10LT4N cases (see Figure 7 ) but M b decreases with time at t ) t sp for the Le10LT6N, Le12LT4N, Le12LT6N cases with Le F ! 1:0 for R ¼ 1:55l f and a sp ¼ 13.0.
The findings based on Figure 7 indicate that it is possible to obtain self-sustained combustion and successful ignition even for fuel-lean cases for proper choices of R, b sp and a sp . A combination of R, b sp and a sp ,which leads to self-sustained combustion for fuel-lean mixtures, is likely to yield self-sustained combustion for the corresponding stoichiometric cases Figure 6 . Temporal evolution of maximum non-dimensional temperature T max for all cases listed in Table 2 Table 2 with ¼ 1:0 (first row) and ¼ 0:8 (second row) for initial
following successful ignition. Similarly, the combination of R, b sp and a sp , which gives rise to self-sustained combustion for mixtures with Le F ! 1:0 is also likely to yield successful ignition and self-sustained combustion for the corresponding cases with Le F 5 1:0.
The ignition parameters R, b sp and a sp can be altered independently of each other in case of laser ignition. The recent experimental [45] [46] [47] findings suggest that laser ignition can be effective in igniting fuel-lean mixtures by altering the laser beam radius (i.e. equivalent to the variation of R), laser power (i.e. equivalent to the variation of a sp ) and laser pulse duration (i.e. equivalent to the variation of b sp ), which is consistent with current findings but the present results indicate that the optimum values of R, b sp and a sp depend on background turbulence intensity u 0 =S b ¼1 ð Þ , equivalence ratio of the homogeneous mixture and fuel Lewis number Le F .
Implication in the context of MIE
The critical diameter d q of the hot gas kernel, which can survive without the aid of any external energy addition has been estimated by Ballal and Lefebvre in the following manner
where S L is the unstrained laminar burning velocity of the stoichiometric mixture (i.e. S L ¼ S b ¼1 ð Þ and S T is the turbulent flame speed). It is worth noting that S bð¼0:8Þ % 0:6S L for the ¼ 0:8 mixture. The MIE E ign can be estimated by the energy required to heat the mass of unburned gas with diameter d q to its adiabatic flame temperature, which leads to the following expressions from equation (7) E
where A and B are the constants of the order of unity. Equation (8) suggests that an increase in u 0 acts to increase E ign , whereas the small value of S b ð Þ for fuellean mixture acts to increase the demand for E ign .
This implies high values of a sp are needed for successful ignition and self-sustained flame for fuel-lean mixture than for the stoichiometric mixture, which is consistent with the results shown in Figures 4 and 5 based on the cases listed in Table 1 (also see Figures 6 and 7 and  Table 2 ). The detrimental effects of u 0 on localised forced ignition are more critical for fuel-lean mixtures as the demand for E ign increases sharply with decreasing . This implies that a sp needs to be increased for high (small) values of u 0 ð Þ in order to obtain successful ignition and self-sustained flame combustion. For example, it was not possible to ignite both stoichiometric and fuel-lean mixtures for a sp ¼ 2. (8) provides information about the minimum amount of energy for successful ignition and subsequent flame propagation, it does not provide any information about the effects of energy distribution on the success of ignition and subsequent flame propagation. For example, the stoichiometric cases with Le F ¼ 0:8 and Le F ¼ 1:0 exhibit self-sustained combustion for R ¼ 0:93l f and R ¼ 1:10l f when a sp ¼ 3.5 is used but the corresponding cases with R ¼ 1:41l f in Table 1 did not even ignite (see Figure 1) .
A comparison between equation (5) with the total energy deposited by the ignitor in equation (8) reveals that the value of a sp corresponding to E ign is greater for the fuel-lean mixture than the stoichiometric mixture. The time sale for the diffusion of deposited energy over a distance R in the absence of mean flow can be estimated as
where a assumes a value close to 0.16. 48 Equation (9) can further be recast as
where t e ¼ L 11 = ffiffiffiffi ffi k 0 p is the eddy turn over time and a e ¼ R=L 11 , which is equal to 0.27, 0.33 and 0.42 for R ¼ 0:93l f , R ¼ 1:10l f and R ¼ 1:41l f , respectively. Equation (10) suggests that the diffusion time scale t dif decreases in comparison to t f with increasing u 0 because L 11 =l f is kept unchanged in this analysis and thus t e =t f decreases with increasing u 0 . This suggests that an increase in u 0 leads to more rapid heat transfer due to thermal diffusion from the hot gas kernel, which leads to a reduction in the extent of burning with increasing u 0 . Thus, a decrease in b sp makes more rapid energy deposition than the rate of diffusion of heat, which in turn increases the temperature of hot gas kernel and the increase in the extent of burning with decreasing b sp (or t sp ). For example, higher values of T max and M b are obtained in the case Le08ST0D than the case Le08ST0F (see Figures 1 and 2 and refer to Table 1 ). Although an increase in R (or a e in equation (10)) acts to increase t dif , this advantage is eclipsed by the decrease in temperature in the ignition kernel as the energy is deposited over a larger mass of gas. This leads to failed ignition for R ¼ 1.41l f cases in Table 1 (see Figures 1 and 2) . However, the detrimental effects of large values of R can be eclipsed by increasing a sp , which can be substantiated by the successful self-sustained combustion for the cases Le08ST0N, Le08ST4N, Le08ST6N, Le10ST0N, Le10ST4N and Le12ST0N in Table 2 (see Figures 6 and 7) . A similar observation has been made by Wandel 31 in the context of dropletladen mixtures, which indicated that a large region of hot gas with small equivalence ratio variation can be advantageous from the point of ignition provided sufficient ignition energy is supplied.
Conclusions
The influences of fuel Lewis number Le F (ranging from 0.8 to 1.2) on the energy deposition characteristics (e.g. characteristic width of the energy deposition profile and the duration of energy deposition by the ignitor) on the localised forced ignition of stoichiometric (i.e. ¼ 1:0) and fuel-lean (i.e. ¼ 0:8) homogeneous mixtures have been analysed using simple chemistry three-dimensional compressible DNS for different rms values of turbulent velocity. The localised forced ignition is modelled using a source term in the energy transport equation, which deposits energy in a Gaussian manner from the centre of the ignitor over a stipulated period of time. The extent of burning has been found to increase with decreasing values of Le F for a given set of values of R, b sp , a sp and u 0 =S b ¼1:0 ð Þ . Higher rate of fuel diffusion into the reaction zone than the rate of thermal diffusion out of this region in the Le F ¼ 0:8 cases gives rise to simultaneous presence of high values of fuel concentration and temperature within the reaction layer, which in turn leads to greater magnitude of fuel reaction rate than in the corresponding Le F ¼ 1:0 cases. By contrast, the combination of the depletion of fuel due to slow fuel diffusion and rapid thermal diffusion rate from the reaction zone leads to weaker burning for the Le F ¼ 1:2 cases than in the corresponding Le F ¼ 1:0 cases. It has been found that higher amount of ignition energy is necessary to obtain self-sustained combustion in fuellean cases than in the stoichiometric cases. Moreover, the requirement of ignition energy for self-sustained combustion decreases with decreasing Le F . Moreover, an increase in turbulent velocity fluctuation decreases the extent of burning and may lead to misfire for large values of u 0 =S b ¼1:0 ð Þ when the augmentation of heat transfer due to turbulence dominates over the enhanced burning rate in turbulent flames. This is prevalent in the Le F ! 1:0 cases and the detrimental effects of u 0 =S b ¼1:0 ð Þ are more critical in the fuel-lean mixtures than in the stoichiometric mixture due to its weaker heat release effects in the fuel-lean mixtures. However, the enhanced rate of burning due to flame wrinkling may dominate over the augmented heat transfer rate in the Le F 5 1:0 cases under some conditions, which may give rise to an increase in the burned gas mass with increasing u 0 =S b ¼1:0 ð Þ . An increase in energy deposition width (duration of energy deposition) for a given amount of input ignition energy has been found to have detrimental effects on the extent of burning and these effects can be critical for ignition of fuel-lean mixtures and also for the mixtures with Le F 4 1:0. The above findings demonstrate that the optimum values of the energy deposition width R, duration of energy deposition t sp and ignition energy for successful ignition and self-sustained combustion in both stoichiometric (i.e. ¼ 1:0) and fuel-lean (i.e. ¼ 0:8) homogeneous mixtures are dependent on Le F and u 0 =S b ¼1:0 ð Þ . These findings indicate that the laser ignition can be advantageous for obtaining successful ignition and selfsustained combustion in fuel-lean mixtures because the energy deposition width R, duration of energy deposition t sp and ignition energy can be altered independently of each other. However, an ignition system, which is designed for fuels with Le F 5 1:0 may not be sufficient for igniting heavier hydrocarbon-air mixtures with Le F 4 1:0 but the ignition systems designed for fuels with Le F 4 1:0 can successfully be used for lighter fuels with Le F 5 1:0. Although the qualitative nature of the present findings is not likely to change in the presence of detailed chemical kinetics, detailed chemistry DNS with high values of turbulent Reynolds number will still be necessary to achieve comprehensive physical understanding and accurate quantitative predictions.
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